Enzymes which possess the ability to cause the adherence of Streptococcus mutans cells to a smooth glass surface were purified 1,100 times by chromatography on agarose gel followed by hydroxylapatite gel. During the purification procedures, the enzymes from strain HS6 (group a) were examined for the synthesis of water-soluble and water-insoluble polysaccharide and the ability to produce adherence. The enzyme preparations producing adherence of the S. mutans cells in the presence of sucrose possessed a molecular size of about 400,000 to 2,000,000 and were composed of approximately equivalent amounts of dextran and levan sucrases and 5 to 30% polysaccharide. The most highly purified preparation contained a negligible amount of contaminating protein as judged by polyacrylamide gel electrophoresis, immunoelectrophoresis, and gel diffusion. In these three tests, the location of the enzyme responsible for the synthesis of insoluble polymer was detected by embedding or covering the enzyme-containing gel with a layer of sucrose-containing agarose gel and observing the formation of insoluble polymer. During purification the ability of all fractions to produce adherence was parallel with the enzyme activity responsible for the synthesis of insoluble polysaccharide from sucrose. About two-thirds of the sucrase enzyme complex in the S. mutans culture fluid synthesized water-soluble polymer. This complex, obtained by filtration through agarose gel, was smaller in molecular size, lower in sugar content, and did not produce adherence, in contrast to the enzyme complex which possessed adherence activity. The inhibition of the enzyme complex synthesizing soluble polymer required more anti-synthetase serum than that required to inhibit the synthesis of water-insoluble polymer. It is not known whether the lack of adherence activity in this enzyme was due to its smaller size and lower sugar content or the absence of unknown factors which are essential for its activity. The carbohydrate in these enzyme preparations, composed of glucose, may represent a primer molecule and/or a remnant of the polymer synthesized by the enzyme. The enzyme activity was not inhibited by anti-dextran globulin.
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In our previous studies (20, 21) it was shown that the sucrase enzymes in a crude cell-free enzyme preparation from the culture supernatant of Streptococcus mutans (Strain HS6, group a) were able to bind to the surface of the S. mutans cell and subsequently synthesize water-insoluble dextran and levan from sucrose. These conditions resulted in the adherence of the S. mutans cell to a smooth glass surface. The a-d antigen polysaccharide and dextran on the S. mutans cell surface functioned in the binding of the enzyme(s) (20, 21) . The same enzymes synthesized insoluble dextran and levan from sucrose in the absence of cells.
It was not clear, however, whether the dextran sucrase responsible in part for adherence existed as a single enzyme or in multiple forms, and whether it was complexed with a carbohydrate polymer. Also, it was not known if additional components present in the crude enzyme preparation were necessary for adherence of S. mutans cells to a glass surface. In depth studies on the purification of sucrases from S. mutans have been reported (1, 2, 9) , however a precise determination of the purification and properties of the enzymes based on their ability to promote adherence of S. mutans cells has not been carried out. Such a study would contribute to 1135 on October 16, 2017 by guest http://iai.asm.org/ Downloaded from our knowledge of the mechanism of adherence of these streptococci to a smooth surface and would be relevant to the formation of an S. mutans plaque in vivo.
MATERIALS AND METHODS
Streptococcal mutans cells. S. mutans (group a, strain HS6) was used throughout the study (21) . The cells were grown in THB broth (Todd-Hewitt Broth, Difco) fortified with 1.8% glucose and salts (24) .
Adherence activity. The adherence activity of the enzyme preparations was measured, using heattreated cells as described previously (20) , with the following modifications. In a glass tube (10 by 75 mm) instead of a tube (13 by 105 mm), 2 uliters of 10% merthiolate, a varying quantity of 0.05 M phosphate buffer (pH 6.8) and enzyme fraction, 0.2 ml of 0.5% cell suspension, and 0.2 ml of 5% sucrose in buffer were added in the order named. The final volume was 1.2 ml instead of 6 ml. About 60% of the cells adhered firmly on the glass surface under optimal conditions (20) . The optical density increase due to the synthesis of insoluble polysaccharide during the assays was less than 5%. The relative adherence activity as given in the tables is the corrected value. One unit of adherence activity is defined as the amount of enzyme complex which produces an adherence of 30% of the cells to the glass surface. Relative adherence activity is the adherence unit value per milligram of protein of the enzyme fractions compared with the adherence unit value per milligram of protein of the culture fluid.
Synthesis of polysaccharide from sucrose by cell-free enzyme complex. A semiquantitative analysis of the synthesis of water-insoluble polysaccharide was measured as described by reading the turbidity increase at 550 nm of the reaction mixture (20) . Using 0.1 ml of enzyme fraction, the turbidity increases of 0.003 to 0.005, 0.006 to 0.01, and above 0.011 per 3-h incubation were expressed as +, +2, and +3.
Quantitative analyses of the water-insoluble and water-soluble polysaccharide synthesized were measured as follows. The reaction mixture was composed of 0.2 ml of 5% sucrose, 2 Aliters of 10% merthiolate, enzyme, and 0.05 M phosphate buffer (pH 6.8) to 1.2 ml (20) . After incubation, the water-insoluble polymer was obtained by centrifugation at 5,000 x g for 10 min, washed three times with water, and the dextran and levan sucrase activities were measured by counting ["C ]glucose and [3H ]fructose incorporated into the polymer (20) .
The water-soluble polysaccharide was precipitated with 67% ethanol from the supematant. The precipitate was collected after 2 h by centrifugation and washed with 67% ethanol three times. Dextran and levan sucrase activities which synthesized the watersoluble, ethanol-insoluble polymer were measured as described above. Dextran sucrase activity is expressed as dextran sucrase units which convert 1 mg of sucrose to dextran in 1 h (11) . Levan sucrase activity is also expressed as levan sucrase units which convert 1 mg of sucrose to levan in 1 h. Relative dextran and levan sucrase activities are the activities of each per milligram of protein of the enzyme fractions compared with those of the culture fluid.
Dextran and levan sucrase activities were also measured by liquid-gas chromatography by determination of the fructose and glucose released from sucrose. The culture fluid of S. mutans does not contain significant quantities of invertase (6, 15 4 N HCI at 100 C for 4 h. The material was dried and methylated with 100 uliters of 0.5 N hydrochloride-methanol at 78 C for 20 h. After drying in a vacuum at room temperature, it was silated and analyzed by liquid-gas chromatography as described above.
Antisera. Anti-dextran sucrase serum (anti-CEP [crude enzyme preparation]) was obtained by injecting crude dextran-levan sucrase (CEP) with incomplete adjuvant intravenously into rabbits (20) . This antiserum completely inhibited the synthesis of insoluble dextran-levan polymer. However, it did not inhibit the adsorption of sucrase enzymes to the surface of S. mutans and was free of antigroup polysaccharide and anti-dextran globulins (21) .
Anti-dextran globulin was purified by Sephadex G-200 chromatography from anti-S. mutans (strain 10449, group c) whole cell serum (22) .
Serological procedures. Agar gel diffusion and immunoelectrophoresis were carried out as previously described (16, 17) . In both cases, the gel was made of 0.6% pure agarose (Schwarz/Mann, Orangeburg, N.Y.), 0.02% NaN3, and 0.8% NaCl in 0.05 M phosphate buffer (pH 6.8). After the antigen-antibody bands of precipitate developed, the position of the enzyme was determined by a modification of an earlier method (9) . A gel composed of 0.3% agarose, 0.024% NaN3, and 5% sucrose, in the same buffer, was layered to a thickness of 2 mm in each case to determine which precipitin band possessed the ability to synthesize insoluble polysaccharide. In this procedure, the upper gel layer was poured at 40 to 45 C so as not to denature the enzyme. After the incubation at 37 C for 24 h, the presence of the sucrase enzyme was shown by the appearance of a cloudy white precipitate of glucan.
The inhibition of dextran sucrase activity in the enzyme preparations by anti-CEP and anti-dextran was carried out as follows. The reaction mixture described above for the quantitative analysis of polysaccharide synthesized was used minus the sucrose solution. To this mixture anti-CEP or anti-dextran (21 to 184 uliters per dextran sucrase unit) was
The mixture was centrifuged at 6,000 x g for 10 min. The supernatant was added to 0. Polyacrylamide gel electrophoresis. Polyacrylamide gel was composed of 5% acrylamide, 0.25% methylene-bisacrylamide, 0.05% ammonium persulfate, and 0.05% N,N,N',N'-tetramethylethylenediamine in 0.05 M phosphate buffer (pH 6.8). A softer gel containing 3% acrylamide and 0.15% methylenebisacrylamide was also used. Duplicate columns of each sample were electrophoresed in the same buffer at 75 V, 6 mA/tube for 2 h. One column was stained for protein with 1% Amido Black 10B in methanolwater-acetic acid (5:5:1) for 10 min. The negative print of the stained gel was taken directly by an enlarger (Charles Beseler Co., East Orange, N.J.). The other column was embedded in agarose gel which contained 5% sucrose, as described above, to detect the synthesis of insoluble polymer. After incubation for 1 day at 37 C, the gel was photographed by an immunodiffusion camera (Cordis Corp., Miami, Fla.).
Purification of enzyme. Strain HS6 was grown in 4 liters of broth as described above. After overnight incubation, the culture supernatant was obtained by centrifugation: The CEP was obtained from the supernatant by precipitation with (NH4)IS04 (20) .
The following methods were used for further purification of CEP.
(i) Purification by filtration through agarose gel. CEP (15 ml) was applied to a column (2.5 by 54 cm) of BioGel A-50m in 0.05 M phosphate buffer (pH 6.8). The flow rate was adjusted to 0.7 ml/min and each fraction (5.6 ml) was collected and analyzed (see Fig. 1 ). The fractions which showed water-insoluble polymer synthetase activity were combined to give fraction A (tube no. 38 to 44) and fraction B (no. 45 to 56). Fractions A and B were each concentrated to 3 ml by lyophilization and further fractionated on a column (1 by 54 cm) of BioGel A-0.5m in the same buffer. The flow rate was adjusted to 0.41 ml/min and each fraction (1.66 ml) was collected and analyzed (see Fig. 2 ). Blue Dextran 2000, serum albumin, and phenylalanine were used as standards for the estimation of molecular size in both these gel-filtrations.
CEP (20 ml) was applied to a column (2.5 by 53 cm)
of BioGel A-0.5m in the same buffer. The flow rate was adjusted to 3.3 ml/min and each 13.3-ml portion was collected. Fractions no. 11 and 12, which possessed a strong water-insoluble polymer synthetase activity, were combined. This fraction was designated AF.
(ii) Purification by filtration through hydroxylapatite. Four-times concentrated CEP (25 ml) was applied to a column (2.5 by 20 cm) of BioGel HTP in 0.01 M phosphate buffer (pH 6.8) and eluted with a linear concentration gradient of 500 ml of 0.01 M phosphate and 500 ml of 0.8 M phosphate buffers (pH 6.8) . The flow rate was adjusted to 4.5 ml/min and each 9-ml portion was collected. The active fractions (no. 41 to 47) were combined, precipitated with ammonium sulfate at 75% saturation, and dialyzed against 0.02 M phosphate buffer (pH 6.8). The material was applied again to a HTP column (1.5 by 24 cm) and eluted with a linear concentration gradient of 300 ml of 0.02 M phosphate buffer (pH 6.8) and 300 ml of 0.2 M phosphate buffer (pH 6.8). The flow rate was 0.5 ml/min and each 9-ml portion was collected. The active fractions (no. 3 and 4) were combined, lyophilized, and dialyzed against 0.05 M phosphate buffer (pH 6.8). The volume was adjusted to 4 ml. This preparation was designated as fraction HF.
(iii) Purification by agarose gel and hydroxylapatite. CEP (50 ml) was applied to a column (2.5 by 51 cm) of BioGel A-0.5m in 0.05 M phosphate buffer (pH 6.8). The flow rate was adjusted to 4.9 ml/min and each 9.8-ml portion was collected. Fractions (no. 10 to 13) which possessed strong enzyme activity were combined and directly applied to the second column (1 by 23 cm) of BioGel HTP in 0.05 M phosphate buffer (pH 6.8) (see Fig. 4 ). After washing with 30 ml of the above buffer and 10 ml of 0.1 M phosphate buffer, linear gradient chromatography with 130 ml of 0.01 M phosphate buffer (pH 6.8) and 130 ml of 0.35 M phosphate buffer (pH 6.8) was performed at a flow rate of 0.12 ml/min. Each 3.3-ml portion was collected. Fractions of positive activity (no. 29 to 36 and no. 38 to 44) were combined to make fractions 1 and 2, respectively, each was dialyzed, brought to 12 and 8 ml, and designated as AH1 and AH2.
All column chromatography was done at room temperature.
RESULTS
The adherence assay. The assay as used in these studies measures the S. mutans cells which are (i) attached to the smooth glass surface (cell absorption) and (ii) those which in turn attach to the former cells (cell-to-cell binding). In the latter case, the binding may occur on the glass surface or in the medium as a preliminary to attachment to the surface. In addition, some strains of S. mutans will adhere to an in vitro cell-free polysaccharide layer (13) . The term adherence as used in our studies (20, 21) (Fig. 1A) and of the last (Fig. 2B) Fig. 2A and 11 in Fig. 2B , however, were 400 to 800 times more active. The sharp drop in relative activity to a negligible value (fractions 12 to 21, Fig. 2B ) corresponded to decrease in molecular size. The total sugar and glucose content also decreased (Table 2) as the relative adherence activity decreased (Table 1) . It is also evident ( Table 1) that the fractions possessing a high adherence activity were responsible for the synthesis of significant quantities of water-insoluble dextran and minor quantities of water-soluble polymer.
Previous studies have shown that the polymer synthesized by CEP contained about two-thirds dextran and one-third levan (7, 20) . Table 1 also shows that levan sucrase activity was present in all fractions, in those containing the water-soluble as well as water-insoluble polymers. The indication that the particle which synthesized water-insoluble polymer possessed a molecular size near 2,000,000 was supported by polyacrylamide gel electrophoresis. When 5% polyacrylamide gel was used, all the activity of the insoluble polymer synthetase remained within 2 mm of the top of the gel columns; however when 3% gel was used, the activity moved to a depth of 9 mm in cases of supernatant, CEP, fraction 10 of Fig. 2A, and 11 of Fig.  2B (Fig. 3) . Fractions 15 and 21 (Fig. 2B) showed no active band, as expected. In addition to the main broad band, a very weak narrow band was seen in fractions 10 and 11 at a depth of 15 mm. Staining of the CEP gel for protein showed that the proteins spread to a depth of 35 mm with two distinct bands at about 20 mm (Fig. 3Ca) . Protein-staining patterns of 10, 11, 15, and 21 showed they all contained nonactive proteins at a depth of 20 mm (not shown).
Further purification and properties of the adherence enzyme. The adherence enzyme(s) and the water-insoluble polysaccharide synthetase enzyme(s) appear to be the same, as shown above. An increase in specific activity of glucosyltransferase after hydroxylapatite chromatography has been reported (9), therefore the enzyme complex, obtained by filtration through BioGel A-0.5m, was chromatographed on a BioGel HTP column. The chromatographic pattem showed two peaks of insoluble synthetase activity (Fig. 4) . The fractions were designated as AHi and AH2. To evaluate the effectiveness of each purification procedure, two other enzyme preparations were obtained as described above: fraction AF obtained by BioGel A-0.5m gel filtration of CEP; and fraction HF, obtained eCould not be measured due to free sugars in the supernatant. ' Fractions as shown in Fig. 2A and 2B. after two passages of CEP through a BioGel HTP column. The enzymatic activity and sugar content of these preparations are shown in Table 3 . The adherence and insoluble dextran synthetase activities of HF and AH2 increased 800 and 1,100 times, respectively. It can also be seen ( Table 3 ) that these preparations synthesized mainly water-insoluble polysaccharide (column 5) , and that comparable activity of levansucrase co-existed in the preparations. (Table 1) , does not show adherence.
Glucose was a significant component of the AH2 preparation (33%), however, the glucose content of HF was only one-sixth that of AH2 (Table 3) . AF, HF, and AH1 each showed one wide band of activity in gel electrophoresis (Fig.  6) . The mobility indicates that the molecular size of AF is smaller and/or possesses a different charge than that of HF and AHL. These preparations still revealed bands of contaminating protein at a depth of 18 mm (not shown). AH2 seems to be composed of a large molecule because almost all the activity remained on top of the gel. The protein band (Fig. 6, AH2a ) corresponded to the band with enzyme activity and no other protein bands appeared in the gel.
In the previous study (21) , CEP possessed more than four bands in agar gel against anti-CEP globulin. The antigen which showed the slowest rate of diffusion was selectively adsorbed by heat-treated S. mutans cells, and the cells recovered adherence activity. As seen in Fig. 7, a slowly Fig. 1. around the outer wells. Figure 8 shows that the presence of anti-CEP serum in the trough completely inhibited the formation of dextran between the well and the trough. The slow rate of diffusion of AH2 may be related to its large molecular size (Fig. 7, no. 6 ). As shown in gel diffusion and immunoelectrophoresis, CEP, AF, HF, and AHi showed two or more precipitin bands with anti-CEP serum. It can be seen that very little contaminating antigen is present in the AH2 preparation (Fig. 7 , no. 6, and Fig. 8) , indicating a high degree of purity.
Inhibition of synthesis of water-insoluble and water-soluble dextran by anti-CEP. An inhibition study of soluble and insoluble dextran synthetase by anti-CEP was carried out to distinguish between the two. The supernatant fraction, AH2, and fraction 15 of Fig. 2B were used. The percentage of activity of insoluble synthetase per total dextran sucrase activity of each preparation was 29.7, 79.3, and 1.5, respectively (Table 1 and 3). Figure 9 shows that the insoluble synthetase complex of AH2 was inhibited 85% by 20 gliters of CEP antiserum, whereas the soluble synthetase activity was only inhibited about 10%. Similar results are evident for the supernatant and no. 15 fractions.
Anti-dextran serum, when tested under the conditions used in Fig. 9 , did not inhibit the synthetase activity or adherence. This is possibly due to the presence of a polymer in the enzyme which does not possess the same chemical structure and antigenic specificity as that of the polymer present on the surface of the 10449 cells (21) . Conversely, if the antibody was bound, the site was not associated with the enzymatically active part of the molecule. DISCUSSION The enzyme complex which enables S. mutans cells to adhere to a glass surface in the (Fig. 3) .
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.xU '' 11_~~~~~4 -FIG. 5 . Effect of enzyme fractions on the adherence of S. mutans. Heat-killed cells (5 mg, HS6) were preincubated with enzyme fractions in 5 ml of 0.05 M phosphate buffer, pH 6.8, with 10 Mliters of 5% merthiolate in a glass tube (13 by 150 mm) at 37 C for 30 min. After addition of 1 ml of 5% sucrose, the tube was incubated at a 300 angle at 37 C for 16 h and washed twice with the buffer. From left to right: supernatant, cell-free culture fluid (4.99 mg of protein); CEP, enzyme precipitated by amrnonium sulfate (0.64 mg of protein); AH2, fraction shown in Fig.  4 (0.011 mg of protein); 15, fraction no. 15 in Fig. 2B (0.97 mg of protein).
presence of sucrose was purified by chromatography. The complex demonstrated a molecular weight ranging from 400,000 to 2,000,000, contained both dextran and levan sucrases, and possessed a polysaccharide of glucose. The adherence activity of the material was parallel during purification with the enzyme activity that was responsible for the synthesis of insoluble polysaccharide.
The dextran sucrase enzymes from culture FIG. 6 . Electrophoretic patterns of purified enzyme preparations. Conditions for electrophoresis were the same as in Fig. 3 Lthetase synthesizes water-insoluble dextran is free of lapatite levan sucrase activity, whereas S. salivariuŝ shown produces primarily fructose polymer (5, 22) . On fraction the basis that S. mutans is primarily responsi-2). The ble for the development of caries on the smooth present surfaces of teeth rather than other streptococci (4, 8, 13) , this ability of S. mutans might be due y from to the synthesis of both water-insoluble dextran us frac-and levan as suggested previously (7, 20, 21 The study also showed that the extracted cells still retained more than 50% of their original adherence activity. As shown previously (21) , almost all of the adherence enzyme complex was tightly bound to a specific site on the cell surface of viable cells and was not extracted with 1.0 M NaCl, whereas nonspecifically bound enzyme complex was extracted without effecting the adherence ability of the cells. Therefore, the cell-associated enzymes which are extractable are probably not bound to the cell in the same manner as are those which are not extractable. This indicates that the two binding sites differ in their composition and/or location.
The enzyme purified in the present study is being used to obtain information on the nature of the enzyme-binding site complex on the surface of the S. mutans cell.
